There is substantial concern that microbial and nutrient pollution by cattle on public lands degrades water quality, threatening human and ecological health. Given the importance of clean water on multiple-use landscapes, additional research is required to document and examine potential water quality issues across common resource use activities. During the 2011 grazing-recreation season, we conducted a cross sectional survey of water quality conditions associated with cattle grazing and/or recreation on 12 public lands grazing allotments in California. Our specific study objectives were to 1) quantify fecal indicator bacteria (FIB; fecal coliform and E. coli), total nitrogen, nitrate, ammonium, total phosphorus, and soluble-reactive phosphorus concentrations in surface waters; 2) compare results to a) water quality regulatory benchmarks, b) recommended maximum nutrient concentrations, and c) estimates of nutrient background concentrations; and 3) examine relationships between water quality, environmental conditions, cattle grazing, and recreation. Nutrient concentrations observed throughout the grazing-recreation season were at least one order of magnitude below levels of ecological concern, and were similar to U.S. Environmental Protection Agency (USEPA) estimates for background water quality conditions in the region. The relative percentage of FIB regulatory benchmark exceedances widely varied under individual regional and national water quality standards. Relative to USEPA's national E. coli FIB benchmarks-the most contemporary and relevant standards for this study-over 90% of the 743 samples collected were below recommended criteria values. FIB concentrations were significantly greater when stream flow was low or stagnant, water was turbid, and when cattle were actively observed at sampling. Recreation sites had the lowest mean FIB, total nitrogen, and solublereactive phosphorus concentrations, and there were no significant differences in FIB and nutrient concentrations between key grazing areas and non-concentrated use areas. Our results suggest cattle grazing, recreation, and provisioning of clean water can be compatible goals across these national forest lands.
Introduction
Livestock grazing allotments on public lands managed by the United States Forest Service (USFS) provide critical forage supporting ranching enterprises and local economies [1] [2] [3] . Surface waters on public lands are used for human recreation and consumption, and serve as critical aquatic habitat. Concerns have been raised that microbial and nutrient pollution by livestock grazing on public lands degrades water quality, threatening human and ecological health [4] [5] [6] [7] . Some of the contaminants of concern include fecal indicator bacteria (FIB), fecal coliform (FC) and Escherichia coli (E. coli), as well as nitrogen (N) and phosphorus (P). FIB are regulated in an attempt to safeguard public health from waterborne pathogens such as Cryptosporidium parvum and E. coli O157:H7 and human enteroviruses including adenoviruses and coliphages [8] . Concerns about elevated N and P concentrations in surface water stem from the potential for eutrophication of aquatic systems [9] .
The USFS must balance the many resource use activities occurring on national forests (e.g., livestock grazing, recreation). National forests in the western United States support 1.8 million livestock annually, provisioning 6.1 million animal unit months (AUM) of forage supply allocated through 5,220 grazing permits held by private ranching enterprises [10] . In California (USFS Region 5), 500 active grazing allotments annually supply 408,000 AUM of forage to support 97,000 livestock across 3.2 million ha on 17 national forests. With an annual recreating population of over 26 million [11] , California's national forests are at the crossroad of a growing debate about the compatibility of livestock grazing with other activities (e.g., recreation) dependent upon clean, safe water.
There is a paucity of original research on water quality conditions on public grazing lands, and the conclusions of these reports are often inconsistent. For example, in California's Sierra Nevada, Derlet and Carlson [6] found surface water samples collected below horse and cattle grazing areas on USFSadministered lands were more likely to have detectable E. coli than non-grazed sites in national parks. Derlet et al. [12] reported algal coverage, algal-E. coli associations, and detection of waterborne E. coli to be greatest at sites below cattle grazing and lowest below sites experiencing little to no human or cattle activity, with human recreation sites being intermediate. Also in the central Sierra Nevada, Myers and Whited [13] found FIB increased in surface waters below key grazing areas on USFS allotments following the arrival of cattle. However, Roche et al. [14] found no evidence of degradation of Yosemite toad breeding pool water quality in key grazing areas on three allotments in the Sierra National Forest of central California. Examining land-use and water quality associations in watersheds throughout the Cosumnes River Basin, Ahearn et al. [15] also reported water quality conditions in upper forested watersheds, which include USFS grazing allotments, to be well below levels of ecological concern.
The purpose of this study was to quantify microbial pollutant and nutrient concentrations during the summer cattle grazing and recreation season on 12 representative allotments across 5 national forests in northern California. Specific objectives were to 1) quantify FC, E. coli, total nitrogen, nitrate, ammonium, total phosphorus, and soluble-reactive phosphate concentrations in surface waters; 2) compare these results to a) water quality regulatory benchmarks, b) maximum nutrient concentrations recommended to avoid eutrophication, and c) estimates of nutrient background concentrations for this region; and 3) examine relationships between water quality, environmental conditions, and cattle grazing and recreation (i.e., resource uses).
Methods

Ethics Statement
Permission for site access was granted by the US Forest Service, and no permits were required.
Study Area
This cross sectional, longitudinal water quality survey was completed across 12 grazing allotments on USFS-managed public lands in northern California, USA (Fig. 1 ). Allotments were selected to represent the diversity of climate, soil, vegetation, water quality regulatory agencies, and resource use activities found across this landscape. The study area ranged from 41u409 to 37u559 N latitude and 123u309 to 120u109 W longitude, and included national forests in the Klamath, Coast, Cascade, and Sierra Nevada Mountain Ranges. Allotments were located on the Klamath (Allotments 1, 2), Shasta-Trinity (Allotments 3-6), Plumas (Allotments 7, 8), Tahoe (Allotments 9, 10), and Stanislaus (Allotments 11, 12) National Forests (Fig. 1) . The study area totaled approximately1,300 km 2 and elevation ranged from 207 to 3,016 m (Table S1 ). The prevailing climate is Mediterranean with cool, wet winters and warm, dry summers. The majority of precipitation falls as snow between December and April, with snow melt generally occurring between May and June. Soils in Allotments 1-2, 5-7, and 11 are dominated by Inceptisols; Allotments 3, 10, and 12 are dominated by Alfisols; Allotment 8 and 9 are dominated by Mollisols; and Allotment 4 is dominated by Andisols [16] (Table S1 ).
All allotments were located in mountainous watersheds with canopy cover of mesic and xeric forests ranging from 9 to 89 and 2 to 93% cover, respectively [17] . Cooler mesic conifer forests were dominated by white fir (Abies concolor), red fir (Abies magnifica), and Douglas fir (Pseudotsuga menziesii). The relatively drier xeric conifer forests were dominated by ponderosa pine (Pinus ponderosa) and Jeffrey pine (Pinus jeffreyi). Montane hardwood and shrub cover ranged from 0 to 20%, and grass and forb cover from 1 to 9%. Wet meadows and other riparian plant communities covered 1 to 5% of allotment areas, and were the primary forage source for cattle grazing in these allotments.
Grazing Management
Cattle grazing management strategies on the study allotments reflect those widely found on western public grazing lands, such as those reviewed in Delcurto et al. [18] and George et al. [19] . Study allotments were grazed with commercial beef cow-calf pairs during the June to November grazing-growing season, following allotment-specific management plans designed to achieve annual herbaceous forage use standards (Table S1 ). Herbaceous use standards are set as an annual management target to protect ecological condition and function of meadow and riparian sites [20] , and vary by national forest, allotment, and meadow ecological conditions [21] [22] [23] [24] [25] [26] [27] .
Cattle stocking densities ranged from 1 animal unit (,450 kg cow with or without calf) per 18 ha to 1 animal unit per 447 ha (Table S1 ). Timing of grazing (turn on and turn off dates for cattle), duration of grazing season, and number of cattle are permitted by the USFS on an allotment-specific basis. Animal unit month (AUM) is the mass of forage required to sustain a single animal unit for a 30-day period, and is the standard metric of grazing pressure on USFS allotments.
Foraging, and thus spatial distribution of cattle feces and urine, is non-uniform across these allotments. Areas receiving relatively concentrated use by cattle are referred to as key grazing areas. Key grazing areas are often relatively small, stream-associated meadows and riparian areas that are preferentially grazed by cattle due to high forage quantity and quality and drinking water availability. For the most part, allotments are not cross-fenced to create pastures, which would improve grazing distribution. Where crossfences exist, resulting pasture sizes are large (.2000 ha) with few pastures per allotment (,3).
Sample Site Selection
Key grazing areas and concentrated recreation areas within 200 m of streams in each allotment were identified and enrolled in the study in collaboration with local USFS managers and forest stakeholders. Water sample collection sites were established in streams immediately above, beside, and/or below sites with each activity to characterize water quality associated with these activities. Recreational activities included developed and undeveloped campgrounds, swimming-bathing areas, and trailheads used by hikers and recreational horse riders (i.e., pack stock). Key grazing areas were meadows and riparian areas that cattle were known to graze and occupy frequently and/or for extended periods throughout the grazing season. Additional sites were established at perennial flow tributary confluences with no concentrated use activities, enabling us to objectively include comparison sites across allotments with no concentrated grazing and/or recreation. While cattle use was concentrated primarily in key grazing areas, cattle grazing could occur throughout each allotment; therefore, it was not possible to determine water quality conditions in the complete absence of cattle.
A total of 155 stream water sample collection sites were identified and sampled monthly throughout the 2011 summer grazing-recreation period. Sample collection sites per allotment ranged from 7 to 18, depending upon the number of key grazing and recreation areas identified, and number of tributary confluences (Table S1 ). Sixty-three percent of sample sites were associated with key grazing areas, 17% were associated with recreation activities, and 20% were tributary confluences with no concentrated use activities. 
Sample Collection and Analysis
In 2011, a total of 743 water samples were collected and analyzed during the June 1 through November 9 study period, which captured the period of overlapping cattle grazing and recreation activities across these allotments. On each allotment, sampling occurred monthly throughout the grazing-recreation season. All sites in an allotment were sampled on the same day. Total sample numbers per allotment ranged from 40 to 88 (Table  S1) .
At the time of sample collection, environmental conditions and/ or resource use activities that may have affected water quality were recorded. Specifically, the following conditions were noted (yes/ no): 1) stagnant-low stream flow (,2 liters per second); 2) turbid stream water; 3) recreation (i.e., swimming-bathing, camping, hiking, fishing, horse riding); 4) cattle; and 5) any activities (i.e., low stream flow, turbid water, precipitation, cattle, recreation users) observed that may affect water quality. If algae, periphyton, or other aquatic autotrophic organisms were present at high to moderate levels (.20% of substrate cover) at time of sampling, then these conditions were recorded.
A vertical, depth-integrated stream water collection was made at the stream channel thalweg [28] . Water was collected in sterilized, acid-washed one liter sample containers, which were immediately stored on ice. All samples were analyzed for FC and E. coli within 8 hours of field collection. A 250 ml subsample was taken from each sample, frozen within 24 hours of collection, and processed for nutrient concentrations within 28 days of field collection. FC and E. coli concentrations as colony forming units (cfu) per 100 ml of water sample were determined by direct one step membrane filtration (0.45 mm nominal porosity filter) and incubation (44.5uC, 22-24 hours) on selective agar following standard method SM9222D [29] . Difco mFC Agar (Becton, Dickinson and Company, Spars, MD, USA) and CHROMagar E. coli (ChromAgar, Paris, France) were used for FC and E. coli, respectively. Total N (TN) and total phosphorus (TP) were measured after persulfate digestion of non-filtered subsamples following Yu et al. [30] and standard method SM4500-P.D [29] , respectively. Concentrations of nitrate (NO 3 -N), ammonium (NH 4 -N), and soluble-reactive phosphorus (PO 4 -P) were determined from filtered (0.45 mm nominal porosity filter) subsamples following Doane and Horwath [31] , Verdouw et al. [32] , and Eaton et al. [29] , respectively. Minimum detection limits were ,10 mg L 21 for TN, NH 4 -N, and NO 3 -N and ,5 mg L 21 for TP and PO 4 -P. Organic nitrogen (ON) was calculated as TN -[NO 3 -N+NH 4 -N], and nonsoluble-reactive PO 4 -P was calculated as TP -PO 4 -P. Laboratory quality control included replicates, spikes, reference materials, control limits, criteria for rejection, and data validation methods [33] .
Data Analysis and Interpretation
Descriptive statistics were calculated for the overall dataset as well as by 1) key grazing areas, recreation areas, and sample sites with no concentrated resource use; 2) activity observed at time of sample collection; 3) and month. Results were compared to numerous FIB benchmark concentrations used in the formulation of contemporary microbial water quality standards, maximum nutrient concentrations recommended to avoid eutrophication, and background nutrient concentration estimates for surface waters across the study area. The United States Environmental Protection Agency (USEPA) nationally recommends and has provided guidance on E. coli FIB-based standards ranging from 100 to 410 cfu 100 ml 21 , dependent upon selected illness rate benchmarks and frequency of sample collection over a 30 day period [34] . The study area falls within the jurisdiction of three semi-autonomous California Regional Water Quality Control Boards (RWQCBs), each of which has established enforceable standards based on FC benchmarks [35] [36] [37] ranging from 20 to 400 cfu 100 ml 21 . We report study results relative to each of these benchmarks to allow for comparisons to the various national and regional policies. For our study, which is based on monthly monitoring of multiple land-use activity types and environmental conditions across a broad regional scale (spanning approximately1,300 km 2 ), the most relevant and contemporary comparisons are the national U.S. Environmental Protection Agency (USEPA) E. coli single sample-based [8, 34] standards of 190 cfu 100 ml 21 (estimated illness rate of 32 per 1,000 primary contact recreators) and 235 cfu 100 ml 21 (estimated illness rate of 36 per 1,000 primary contact recreators).
General recommendations for maximum concentrations to prevent eutrophication of streams and rivers are 300, 100, and 50 mg L 21 for NO 3 -N, TP, and PO 4 -P, respectively [38] [39] [40] [41] [42] . The study area is within three USEPA Level III Sub-Ecoregions (5, 9, and 78), and estimated background concentrations for TN, NO 3 -N, and TP in these sub-regions range from 60 to 530, 5 to 40, and 9 to 32 mg L
21
, respectively [43] . [35] . d FC benchmark designated by CVRWQCB and NCRWQCB (maximum threshold value not to be exceeded by more than 10% of samples over a 30-day interval) [35] . e E. coli benchmark designated by U.S. Environmental Protection Agency (USEPA) [34] for an estimated illness rate of 32 per 1,000 primary contact recreators (based on GM of samples collected over a 30-day interval). f E. coli benchmark designated by USEPA [34] for an estimated illness rate of 36 per 1,000 primary contact recreators (based on GM of samples collected over a 30-day interval). g E. coli benchmark designated by USEPA [34] for an estimated illness rate of 32 per 1,000 primary contact recreators (for a single grab sample, approximates the 75th percentile of a water quality distribution based on desired GM). h E. coli benchmark designated by USEPA [34] for an estimated illness rate of 36 per 1,000 primary contact recreators (for a single grab sample, approximates the 75th percentile of a water quality distribution based on desired GM). i E. coli benchmark designated by USEPA [34] for an estimated illness rate of 32 per 1,000 primary contact recreators (approximates the 90th percentile of a water quality distribution based on desired GM). j E. coli benchmark designated by USEPA [34] for an estimated illness rate of 36 per 1,000 primary contact recreators (approximates the 90th percentile of a water quality distribution based on desired GM).
k Maximum concentrations of nitrate as nitrogen (NO 3 -N) recommended by USEPA [38, 39] .
l Maximum concentrations of total phosphorus (TP) recommended by USEPA [39, 40] . m Maximum concentrations of phosphate as phosphorus (PO 4 -P) recommended by USEPA [39, 41] . doi:10.1371/journal.pone.0068127.t002
At the sample site-scale, we used bivariate generalized linear mixed effects models (GLMMs) and zero-inflated count models to test for mean FIB and nutrient concentration (dependent variables were fecal coliform, E. coli, TN, NO 3 -N, NH 4 -N, TP, and PO 4 -P) [35] . d FC benchmark designated by CVRWQCB and NCRWQCB (maximum threshold value not to be exceeded by more than 10% of samples over a 30-day interval) [35] . e E. coli benchmark designated by U.S. Environmental Protection Agency (USEPA) [34] for an estimated illness rate of 32 per 1,000 primary contact recreators (based on GM of samples collected over a 30-day interval). f E. coli benchmark designated by USEPA [34] for an estimated illness rate of 36 per 1,000 primary contact recreators (based on GM of samples collected over a 30-day interval). g E. coli benchmark designated by USEPA [34] for an estimated illness rate of 32 per 1,000 primary contact recreators (for a single grab sample, approximates the 75th percentile of a water quality distribution based on desired GM). h E. coli benchmark designated by USEPA [34] for an estimated illness rate of 36 per 1,000 primary contact recreators (for a single grab sample, approximates the 75th percentile of a water quality distribution based on desired GM). i E. coli benchmark designated by USEPA [34] for an estimated illness rate of 32 per 1,000 primary contact recreators (approximates the 90th percentile of a water quality distribution based on desired GM). j E. coli benchmark designated by USEPA [34] for an estimated illness rate of 36 per 1,000 primary contact recreators (approximates the 90th percentile of a water quality distribution based on desired GM).
k Maximum concentrations of nitrate as nitrogen (NO 3 -N) recommended by USEPA [38, 39] . differences between 1) key grazing areas, recreation areas, and sample sites with no concentrated resource use; and 2) occurrence of stagnant-low stream flow, turbid stream water, cattle, and recreation at the time of sample collection. We used GLMMs to analyze dependent variables with overdisperison (i.e., greater variance than expected) (fecal coliform, E. coli, TN) using the Poisson probability distribution function with robust standard errors [44] . For the GLMMs, we specified allotment identity and sample site identity as sequential random effects to account for hierarchical nesting and repeated measures [44, 45] . Data with evidence of both overdispersion and zero-inflation can be produced by either unobserved heterogeneity or by processes that involve different mechanisms generating zero and nonzero counts [46] [47] [48] . For dependent variables with apparent overdispersion and zero-inflation (.25% zeros; NO 3 -N, NH 4 -N, TP, and PO 4 -P), we used likelihood ratio tests to evaluate relative fits of zeroinflated negative binomial versus zero-inflated Poisson models [46] [47] [48] ; we used simple Vuong tests [49] to evaluate relative fits of zero-inflated versus standard count models; and we used either likelihood ratio tests or Akaike Information Criterion (AIC), as appropriate, to compare relative fits between negative binomial and Poisson models. To account for the within-cluster correlation due to repeated measures, we specified sample site identity as a clustering variable in the final models to obtain robust variance estimates [50] . We also examined allotment-scale relationships of FIB and nutrient concentrations with environmental conditions and grazing management. We used bivariate zero-truncated count models to test associations between mean allotment values of response variables (fecal coliform, E. coli, TN, NO 3 -N, NH 4 -N, TP, and PO 4 -P; mean of all samples collected for each allotment) and cattle grazing duration, animal unit months (AUM) of grazing, cattle density as cow-calf pairs 100 ha 21 , mean allotment elevation, and 2011-2012 water year precipitation [42] (independent variables). We used likelihood ratio tests to compare Poisson and negative binomial models [48] . For all analyses, when multiple response variables were predicted with the same independent variables, we interpreted significance levels using Bonferroni corrections to safeguard against Type I errors. Bonferroni adjusted p-values were considered significant at 0.0071 (dividing P = 0.05 by the 7 water quality indicators tested) and 0.0014 (dividing P = 0.01 by the 7 water quality indicators tested). All statistical analyses were conducted in Stata/SE 11.1 [48] .
Results
Surface Water Quality and Weather Conditions Observed during Study
Precipitation during the 2010-11 water year ranged from 88 to 173% of the 30-year mean annual precipitation for each allotment, with 11 of 12 allotments receiving over 100% of mean annual precipitation (Table S1 ). Overall, nutrient concentrations were low across the study area (Table 1) . With the exception of TN, over 32% of samples were below minimum detection limits for all nutrients (,10 mg N L 21 and ,5 mg P L 21 ). Nitrogen concentrations increased in October and November with the onset of fall rains (Fig. 2) , and phosphorus concentrations showed no seasonal patterns (data not shown). The sum of NO 3 -N and NH 4 -N concentrations was lower than organic N (TN -[NO 3 -N+NH 4 -N]) concentrations throughout the sampling season (Fig. 2) , suggesting that the majority of nitrogen was in organic forms. Additionally, PO 4 -P concentrations were much lower than TP (Table 1 ; Fig. 3) , suggesting that the majority of phosphorus was either organic or inorganic P adsorbed to suspended sediments. Mean and maximum FC and E. coli concentrations per allotment ranged from 30 to 255 and 17 to 151 CFU 100 ml 21 , and from 248 to 3,460 and 74 to 1,920, respectively (Table S2) . FIB concentrations were highest from August through October (Fig. 4) .
Nutrient and FIB Concentrations Relative to Water Quality Benchmarks
Mean and median NO 3 -N, TP, and PO 4 -P concentrations were at least one order of magnitude below nutrient concentrations recommended to avoid eutrophication (Table 1) . No samples exceeded the NO 3 -N maximum recommendation (Table 1) . Overall, less than 2% of samples exceeded eutrophication benchmarks (Table 2) , and less than 8% of sites exceeded these benchmarks at least once (Table 3 ). Mean and median TN, NO 3 -N, and TP concentrations were at or below estimated background concentrations for the study area ( Table 1) . The percentage of all samples (Table 2) exceeding FIB benchmarks ranged from 50% (benchmark FC = 20 cfu 100 ml
21
) to 1% (benchmark E. coli = 410 cfu 100 ml 21 ), while the percentage of sites ( Table 3 ) that exceeded a FIB benchmark at least once ranged from 83% (benchmark FC = 20 cfu 100 ml
) to 6% (benchmark E. coli = 410 cfu 100 ml 21 ).
Nutrient and FIB Concentrations Relative to Grazing, Recreation, and Field Observations
Nutrient concentrations were at or below background levels, and only 0-10% of sites within each resource use activity category (i.e., key grazing areas, recreation areas, and non-concentrated use activities) had at least one nutrient benchmark exceedance (Table 3 ). The relative percentage of samples and sites exceeding FIB benchmarks for key grazing areas, recreation areas, and nonconcentrated use areas varied by the individual benchmarks (Tables 2 and 3) .
We found significantly (P,0.002) lower FC, E. coli, TN and PO 4 -P concentrations at recreation areas than at key grazing areas and areas with no concentrated use activities (Table 4) . Mean NO 3 -N concentrations were also significantly lower (P,0.001) at recreation sites than at areas with no concentrated use activity; however, it is important to note that all nutrient concentrations were at or below background levels (Table 1) , and none of the sites sampled ever exceeded the maximum recommended NO 3 -N concentrations during the study (Tables 3). Relative to conditions at time of sample collection, FC, E. coli, and PO 4 -P concentrations were significantly (P,0.0071) higher when stream flow was low or stagnant, stream water was turbid, and when cattle were actively observed (Table 5) . TP concentrations were also significantly higher (P,0.001) under turbid water Figure 5 . Trends in overall mean fecal indicator bacteria concentrations across sample sites during the June through November 2011sample period on 12 U.S. Forest Service grazing allotments in northern California enrolled in this cross-sectional longitudinal study. There were no significant relationships between allotment cattle stocking density and mean allotment concentrations of (A) E. coli (P.0.9) and (B) fecal coliform (P.0.3). During the study period, there were also no significant relationships between 2010-2011 water year precipitation and mean allotment concentrations of (C) E. coli (P.0.6) and (D) fecal coliform (P.0.5). doi:10.1371/journal.pone.0068127.g005
conditions. E. coli, TN, NH 4 -N, and PO 4 -P concentrations were significantly lower (P,0.006) when recreation activities were observed at time of sampling, compared to sample events when recreation was not occurring (Table 5) . Occurrence of high to moderate cover (.20% of substrate cover) of algae, periphyton, and other aquatic organisms at time of sampling was low (,2% of samples).
Allotment-scale Nutrient and FIB Concentrations Relative to Grazing Management and Environmental Conditions
Mean allotment-scale nutrient concentrations were not significantly related (at Bonferroni adjusted P,0.0071) to cattle density (TN: P = 0.3; NO 3 -N: P = 0.2; NH 4 -N: P = 0.2; TP: P = 0.3; PO 4 -P: P = 0.1), precipitation (TN: P = 0.09; NO 3 -N: P = 0.07; NH 4 -N: P = 0.73; TP: P = 0.3; PO 4 -P: P = 0.04), mean allotment elevation (TN: P = 0.02; NO 3 -N: P = 0.4; NH 4 -N: P = 0.07; TP: P = 0.5; PO 4 -P: P = 0.2), AUM (TN: P = 0.6; NO 3 -N: P = 0.5; NH 4 -N: P = 0.9; TP: P = 0.1; PO 4 -P: P = 0.6), or grazing duration (TN: P = 0.02; NO 3 -N: P = 0.5; NH 4 -N: P = 0.03; TP: P = 0.6; PO 4 -P: P = 0.6).
Mean allotment E. coli and FC concentrations showed increasing trends with increasing cattle densities and AUMs, and decreasing trends with increasing precipitation; however, these relationships were not statistically significant (P.0.2; Fig. 5 ). Mean allotment elevation (P.0.8), and cattle grazing duration (P.0.7) were also not correlated to mean allotment FIB concentrations (data not shown).
Discussion
Nutrient Conditions Relative to Water Quality Benchmarks
Mean and median nutrient concentrations observed across this grazed landscape were well below eutrophication benchmarks and background estimates (Table 1) [38] [39] [40] [41] [42] [43] . Observed peak values in nitrogen and phosphorus concentrations were largely organic (or inorganic P adsorbed to suspended sediments) (Figs. 2 and 3) , which are not considered readily available to stimulate primary production and eutrophication [39, 51] . These results do not support concerns that excessive nutrient pollution is degrading surface waters on these USFS grazing allotments [4, 12] . Our nutrient results are consistent with other examinations of surface water quality in similarly grazed landscapes. In the Sierra Nevada, Roche et al. [14] found nutrient concentrations of surface waters within key cattle grazing areas (mountain meadows) to be at least an order of magnitude below levels of ecological or biological concern for sensitive amphibians. On the Wallowa-Whitman National Forest in northeastern Oregon, Adams et al. [52] also reported nutrient levels to be at or below minimum detection levels in surface waters at key grazing areas.
Our results also agree with other studies of nutrient dynamics in the study area [53, 54] . Headwater streams, such as those draining the study allotments, typically make up 85% of total basin scale drainage network length, have high morphological complexity, and high surface to volume ratios-which make them particularly effective at nutrient processing and retention [55] . Leonard et al [54] found that drainages in the western Tahoe Basin recovering from past disturbances and undergoing secondary succession tend to act as sinks for nutrients. Several studies have reported nutrient limitations across montane and subalpine systems resulting in low riverine nutrient export [56] .
FIB Concentrations Relative to Water Quality Benchmarks
Overall mean and median E. coli were 40 and 8 cfu 100 ml 21 , and mean and median FC were 82 and 21 cfu 100 ml 21 (Table  S2 )-indicating that the nationally recommended E. coli FIB-based benchmarks would be broadly met, and that the more restrictive, FC FIB-based regional water quality benchmarks would be commonly exceeded across the study region. Clearly, assessments of microbial water quality and human health risks are dependent upon which FIB benchmarks are used for evaluation (Tables 2 and  3) .
The scientific and policy communities are currently evaluating the utility of, and guidance for, FIB-based water quality objective effectiveness for safe-guarding recreational waters. As reviewed in Field and Samadpour [8] , E. coli and FC are not always ideal indicators of fecal contamination and risk to human health from microbial pathogens. Poor correlations between bacterial indicators and pathogens such as Salmonella spp., Giardia spp., Cryptosporidium spp., and human viruses undermine the utility of these bacteria as indicators of pathogen occurrence and human health risk [8] . The ability of FIB to establish extra-intestinal, non-animal, non-human associated environmental strains and to grow and reproduce in water, soil sediments, algal wrack, and plant cavities also erodes their utility as indicators of animal or human fecal contamination [8] . Citing scientific advancements in the past two decades, the USEPA now recommends adoption of an indicator E. coli water quality objective as an improvement over previously used general indicators, including FC [34] . This guidance is based, in part, on E. coli exhibiting relatively fewer of the fecal indicator bacteria utility issues listed above, and on evidence that E. coli is a better predictor of gastro-intestinal illness than FC. Therefore, comparing our results to the most relevant and scientifically defensible E. coli FIB-based recommendations, 17% of all sites exceeded the 190 cfu 100 ml 21 benchmark, and 14% of all sites exceeded the 235 cfu 100 ml 21 benchmark [34] . This analysis, based on the best available science and USEPA guidance, clearly contrasts with the FC FIB-based interpretations currently in use by several regional regulatory programs, which suggest that as many as 83% of all sites in our study present potential human health risks.
Temporal Patterns in Water Quality
We observed a marked increase in total nitrogen concentrations in October and November, driven primarily by increased organic nitrogen, and to a lesser extent NO 3 -N (Fig. 2 ). This coincided with the first rainfall-runoff events of fall that initiated flushing of solutes and particulates. The annual fall flush occurs subsequent to the summer drought and base flow period during which organic and inorganic nutrient compounds accumulate in soil and forest litter [54, [57] [58] [59] [60] . The disparity between TN and inorganic nitrogen (NO 3 -N+NH 4 -N) indicates the majority of flushed nitrogen was either particulate or dissolved organic nitrogen (Fig. 2) . Consequently, most of the nitrogen flushed was likely in a relatively biologically unavailable form [51] , with limited risk (relative to inorganic forms) of stimulating primary production and eutrophication. However, in nitrogen limited systems, increased biological utilization of organic nitrogen can occur [61] .
FIB concentrations were highest from August through October (Fig. 4) , which coincides with the period of maximum number of cattle turned out (Table S1 ). There is clear evidence that FIB concentrations increase with the introduction of cattle into a landscape, and increase with increasing cattle numbers [62] [63] [64] [65] . The observed seasonal pattern of peak FIB concentrations also tracks the progression of stream flow from high, cold spring snowmelt to low, warm late-summer base flow conditions. Warm, low-flow conditions have been associated with elevated FIB [66] [67] [68] . Across this region, stream water temperatures are at their annual maximum in August and stream flows are at their annual minimum in September [69, 70] . We observed stagnant-low flow conditions to be significantly associated with increased FIB concentrations (Table 5 ). It is likely that the seasonal peak of FIB concentrations is driven by timing of maximum annual cattle numbers, as well as optimal environmental conditions for growth and in-stream retention of both animal-derived and environmental bacteria (e.g., wildlife sources) [71] [72] [73] . Similar temporal trends in FIB concentrations have been observed in surface waters of Oregon, Wyoming, and Alaska [65, 74, 75] .
Water Quality, Grazing, Recreation, and Environmental Conditions
Mean FIB concentrations at key grazing and non-concentrated use areas were higher than recreation sites, but did not exceed USEPA E. coli FIB-based benchmarks (Table 4) . Mean FIB concentrations for all resource use activity categories exceeded the most restrictive regional FC FIB-based benchmarks of 20 and 50 cfu 100 ml 21 . E. coli FIB-based benchmark comparisons were generally comparable across sites, with recreation sites exhibiting overall lower numbers of exceedances; however, the different FC FIB-based benchmark comparisons indicated inconsistent results for water quality conditions across sites (Table 3 ). Similar to other surveys in the region [6, 12, 13] , FIB concentrations were significantly greater when cattle were present at time of sample collection (Table 5) . Tiedemann et al. [65] observed the same trend, with higher stream water FC concentrations on forested watersheds experiencing relatively intensive cattle grazing compared to ungrazed watersheds. Gary et al. [63] found grazing to have relatively minor impacts on water quality, though a statistically significant increase in stream water FC concentrations was induced at a relatively high stocking rate.
Mean allotment FIB concentrations showed apparent increasing trends with greater cattle densities ( Fig. 5A and 5B); however, these allotment-level relationships were not statistically significant. Decreasing cattle density lowers fecal-microbial pollutant loading [76] , which has been shown to reduce FIB concentrations in runoff from grazed landscapes [77] . Decreasing cattle density may also reduce stream bed disturbance and re-suspension of FIB-sediment associations by cattle [78] [79] [80] [81] [82] . Attracted to streams for shade, water, and riparian forage, cattle have been shown to spend approximately 5% of their day within or adjacent to a stream [63] , depositing about 1.5% of their total fecal matter within one meter of a stream [83] . In a comprehensive review, George et al. [19] found that management practices that reduce livestock densities, residence time, and fecal and urine deposition in streams and riparian areas can reduce nutrient and microbial pollutant loading of surface water.
Samples associated with turbid stream water at the time of sample collection had significantly higher mean FIB concentrations than samples associated with non-turbid conditions (Table 5) . It has been well documented that stream sediments contain higher concentrations of FIB than overlying waters [78] [79] [80] 82] , and that re-suspension of sediments in the water column by factors such as cattle disturbance or elevated stream flow is associated with elevated water column FIB concentrations [81] . FIB concentrations were also significantly higher under stagnant-low flow conditions (Table 5) . Schnabel et al. [75] found a negative correlation between stream discharge and FIB concentrations at some sites, possibly due to the absence of a dilution effect under low flow conditions.
Although not statistically significant, we observed decreasing mean allotment FIB concentrations with greater precipitation during the 2010-2011 water-year (October 1 to September 30) (Fig. 5C and 5D ). It is likely that precipitation during the 2010-2011 water-year is primarily reflecting snowpack, which supported higher than historical stream flow volumes during the study period. This potential relationship possibly reflects capacity of higher base flow volumes to dilute FIB concentrations. Lewis et al.
[84] observed a similar negative correlation between surface runoff FC concentrations and annual cumulative precipitation on California coastal dairy pastures. Our observation that maximum FIB concentrations occurred under stagnant-low flow conditions (Table 5 ) also supports the potential for a negative relationship between FIB concentrations and annual precipitation.
Our results do not support previous concerns of widespread microbial water quality pollution across these grazed landscapes, as concluded in other surveys [6, 12, 13] . Although we did find apparent trends between cattle density and FIB concentrations (Figs. 5A and 5B) and significantly greater FIB concentrations when cattle were actively present, only 16% and 13% (Table 3) (Table 2 ). In contrast, Derlet et al. [6] reported 60% and 53% of cattle grazing sites (n = 15) exceeded the 190 cfu 100 m 21 and 235 cfu 100 m 21 benchmarks, respectively. We also found no significant differences in FIB concentrations among key grazing areas and areas of no concentrated use activities (Table 4) , which contrasts with previous work in the Sierra Nevada [6, 12] . Finally, in this landscape of mixed livestock grazing and recreational uses, we found FIB concentrations to be lowest at recreation sites, indicating that water recreation objectives can be broadly attained within these grazing allotments. There are three important distinctions that separate our study from previous work: 1) in reaching our conclusions, we compared our study results to regulatory and background water quality benchmarks, which are based on current and best available science and policy; 2) these co-occurring land-use activities were directly compared on the same land units managed by a single agency (USFS), as opposed to previous comparisons between these landuses occurring on different management units administered by different agencies with very different land-use histories and policies (e.g., USFS and U.S. National Park Service); and 3) to date, this study is the most comprehensive water quality survey in existence for National Forest public grazing lands, including an assessment of seven water quality indicators at 155 sites across five National Forests.
Conclusions
Nutrient concentrations observed across this extensively grazed landscape were at least one order of magnitude below levels of ecological concern, and were similar to USEPA estimates for background conditions in the region. Late season total nitrogen concentrations increased across all study allotments due to a first flush of organic nitrogen associated with onset of fall rainfall-runoff events, as is commonly observed in California's Mediterranean climate. Similar to previous work, we found greater FIB concentrations when cattle were present; however, we did not find overall significant differences in FIB concentrations between key grazing areas and non-concentrated use areas, and all but the most restrictive, FC FIB-based regional water quality benchmarks were broadly met across the study region. Although many regional regulatory programs utilize the FC FIB-based standards, the USEPA clearly states-citing the best available science-E. coli are better indicators of fecal contamination and therefore provide a more accurate assessment of water quality conditions and human health risks. Throughout the study period, the USEPA recommended E. coli benchmarks of 190 and 235 cfu 100 ml 21 were met at over 83% of sites. These results suggest cattle grazing, recreation, and clean water can be compatible goals across these national forest lands.
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